Objective: To determine the levels and patterns of daily physical activity in groups of normal-weight, overweight and obese adults using uniaxial minute-by-minute accelerometry. Design: Cross-sectional study of physical activity levels over a 7 day period using accelerometers programmed to collect minute-by-minute data. Setting: Participants were recruited from large companies in Bristol and Cardiff. All meetings took place on company premises. Participants: One-hundred and eight participants volunteered for the study. Eighty-four (36 males, 48 females; 38.6 AE9.3 y) (mean AEs.d.) met the inclusion criteria for accelerometer measurements and were included in analyses.
Introduction
Obesity is increasing at an alarming rate in both developed and developing countries (WHO, 1998) . In Britain, for example, there has been an increase in the incidence of obesity (body mass index (BMI)! 30) from 6% of males and 8% of females in 1980 to 17.5% and 20% respectively in 1997 (Prescott-Clarke & Primatesta, 1997) . Over 50% of the adult population are now overweight (body mass index b 25.0). This pattern is similar in many other European countries (Flegal, 1999) .
A secular decrease in energy expenditure is seen to have major responsibility for this rapid and recent increase (Bouchard & Blair, 1999) . Prentice and Jebb (1995) , for example, demonstrated that indicators of inactivity such as numbers of cars per household and amount of time each day spent watching television showed a moderately strong relationship with increased obesity. At the same time energy and fat intake did not show increases. Walking has decreased in Britain during this time (Department of Environment, Transport and the Regions, 1997) and there are other threats to maintenance of an active lifestyle. These include fewer active occupations, greater availability of energy-saving devices around the home, work and shopping environment, and increased use of cars. In addition, the increased availability and attractiveness of screened entertainment in the home has produced greater competition for activity in the use of leisure time and this has been related to obesity in adults (Jebb & Moore, 1999) .
At least ®ve prospective studies of 4 y or more follow-up have shown that the effects of weight increase into middle age can be offset by maintaining or increasing ®tness or activity (Coakley et al, 1998; Di Pietro et al, 1998; Lewis et al, 1997; Rissanen et al, 1991; Williamson et al, 1993) . Activity patterns therefore appear to play an important role in long-term weight regulation.
A number of methods have been used to evaluate physical activity in free-living individuals. Many studies have relied on self-reported physical activity, which provides only crude estimates of levels of activity that are prone to overestimation. Heart rate monitoring is also widely used to estimate physical activity and, while able to record values on a minute-by-minute basis, is prone to inaccuracy through elevation of heart rate due to stress rather than increased activity. The doubly-labelled water method (DLW) offers a valid method of estimating total energy expended through activity but provides no information on the patterns or nature of activity. In order to fully understand the role of activity in weight loss, gain and maintenance, unobtrusive objective measures are required that are capable of accurately documenting both the degree and nature of activity.
In recent years, accelerometers designed for assessing human movement have become available. Instruments that provide minute-by-minute measurements provide a means of quantifying overall movement over periods of several days or weeks and enable patterns of movement or inactivity to be assessed. Additionally, they are capable of providing estimates of the amount of moderate, hard and very hard activity carried out by individuals, which is helpful to determine the degree to which physical activity guidelines are being achieved. Accelerometers could therefore provide a valuable means of investigating not only differences in activity among groups of individuals, but also individual activity patterns, allowing personalized activity programmes for weight maintenance or reduction to be designed. Surprisingly few studies have been published which have addressed the activity ± fatness relationship through use of accelerometers. Westerterp (1999) recently reviewed published studies that had investigated the validity of questionnaires, heart-rate monitoring and accelerometers against doubly-labelled water. Only two studies that had used accelerometry were identi®ed (Bouten et al, 1996; Johnson et al, 1998) , and to date there are no published studies validating accelerometers capable of minute-byminute recording against DLW. Nonetheless, Westerterp concluded that accelerometry was the most valid and promising of the three methods.
Apart from the study of Bouten et al (1996) (reanalysed in Westerterp & Bouten, 1997) , accelerometers have not been used to examine the activity patterns of participants with different degrees of overweight. No studies are published that have looked at variations in activity patterns across periods of the day and week. The purpose of this study, therefore, was to compare the amount and patterns of activity of normal, overweight and obese individuals over a one-week period.
Participants and method

Participants
Ethical approval for the study was granted by the United Bristol Healthcare Trust Research Ethics Committee. Participants aged between 18 and 64 y were recruited from workplaces in Bristol and Cardiff, UK, via internal advertisements. Participants were volunteers and were not remunerated for taking part. Following informed consent, height and weight were measured using a beam scale and stadiometer (SECA), with participants wearing indoor clothing, and shoes removed.
Measurement of physical activity
Objective assessments of physical activity were obtained using the Computer Science and Applications Inc. (CSA) 7164 activity monitor (Shalimar, F1). The CSA is a uniaxial accelerometer that is designed to detect normal bodily movement and to reject motion from other sources, for example whilst riding in a car. The CSA is small, light (5Â4Â1.5 cm, 43 g), and unobtrusive to wear and has been shown to be a valid and reliable instrument for assessing physical activity in healthy adults (Freedson et al, 1998) . Activity counts resulting from the movement of a piezoelectric bender element are summed over a user-de®ned sampling period (epoch) and stored in the memory for subsequent retrieval. For the present study a 1 min epoch was used.
Monitors were worn over the left hip and ®rmly held in place by an elasticated belt. Participants were requested to wear the CSA during waking hours for a continuous period of 7 days, removing the monitor only for water-based activities and bathing. At the end of the seven-day period stored activity counts were downloaded onto a personal computer for subsequent analysis. Data was collected over a 3 month period between January and April.
Data reduction
Minute-by-minute activity counts were summed for each hour of measurement. For each measurement period, the total counts were divided by the number of registered hours (de®ned as b 0 counts h 71 recorded) to give a value of counts per registered hour. Mean counts per registered hour were converted to counts per minute for concordance with other studies. The number of minutes per registered hour of moderate (3.0 ± 5.99 METs), hard (6.0 ± 8.99 METs) and very hard (! 9 METs) physical activity was calculated using count ranges for the CSA accelerometer (Freedson et al, 1998) . These ranges are the only ones currently available and were derived through treadmill exercise with a young adult population. This needs to be considered when interpreting the ®ndings in free-living groups of middle-aged adults of differing BMI status.
For comparison of workday and weekend activity, a day was de®ned as the period between 7 am and midnight. The workday was de®ned as all hours between 7 am and 5 pm and the evening 5 pm to midnight; these periods were consistent with the working hours reported by participants. To provide a representative picture of daily activity, only those participants recording at least 9 h of measurement (including ! 3 h during the evening) on any day were included in the day's computation. Participants with less than four full weekdays and one full weekend day of measurement were also excluded from all further analyses.
Body mass index
Body mass index (BMI) was calculated from the participants' height and weight (weight ( kg)aheight 2 (m)). Normal weight was de®ned as BMI 24.9, overweight as BMI 25 ± 29.9 and obese as BMI ! 30.
Statistical analyses
Statistical analyses were carried out using Statistical Package for Social Science version 9.0 (SPSS) software. Between-group results were compared using analysis of variance and a two-way ANOVA was used to test for interaction between gender and BMI category for physical activity. , P 0.005), and demonstrated a consistent trend towards lower activity levels than males during other periods. In order to assess whether participants achieved current physical activity recommendations, the number of minutes of moderate, hard and very hard physical activity were combined. Females spent signi®-cantly less time in activity of at least moderate intensity during the week than males (178.3 AE85.3 vs 253.7 AE116.1 min, P 0.002), and also recorded lower values at the weekend although these differences were not signi®cant (52.0 AE47.6 vs 73.3 AE57.2 min, P 0.07). According to these data, guidelines for physical activity (! 150 min week 71 of at least moderate activity) were met by 91.7% of male participants and 68.8% of females.
The physical activity values for normal weight and overweight participants are shown in Table 2 . No signi®-cant differences in mean counts min 71 existed between normal and overweight participants for any measurement period. Similarly, there were no signi®cant differences between the time spent in moderate, hard or very hard physical activity during weekdays or the weekend. Normal weight and overweight participants were pooled (`nonobese') for subsequent analysis.
Obese participants demonstrated signi®cantly lower physical activity levels than the non-obese during weekdays (279.1 AE77.5 vs 391.3 AE139.4 counts min
71
, P`0.001), at weekends (222.3 AE93.9 vs 386.2 AE177.5 counts min 71 , P`0.001) and during evenings (221.1 AE126.3 vs 380.8 AE220.7 counts min 71 , P 0.002) ( Table 3) . Physical activity levels at work were lower in obese participants, but the difference between groups did not achieve statistical signi®cance (307.5 AE87.2 vs 398.7 AE163.3 counts min 71 , P 0.06). The obese participants spent signi®cantly less time in activity of at least moderate intensity than the nonobese at weekends (30.3 AE24.8 vs 66.3 AE54.4 min, P 0.001) but not during the week (158.5 AE78.4 vs 219.3 AE107.8 min, P 0.07). The accelerometer counts indicated that physical activity guidelines were achieved by 58.3% of the obese and 81.9% of the non-obese. A signi®cant genderÃBMI interaction was seen for weekdays (F 5.52, P 0.02; Figure 1 ) that revealed a large difference in obese vs non-obese activity levels in males that was not present in females. The difference in males was due to non-obese males being higher in activity and the obese males being lower in activity than both groups of females. There was no signi®cant genderÃBMI interaction for weekends (F 1.71; P 0.2). Figure 2a and b shows the hourly pattern of overall physical activity between 7 am and midnight for obese and non-obese participants on weekdays and weekend days, respectively. Each bar represents the mean activity counts per minute for all participants who had recorded a value. Periods before 7 am and after midnight are not reported as the majority of participants recorded no activity at these times. The percentage of participants in each group contributing to the mean count for each hour is represented by the solid triangles (non-obese) and open circles (obese).
Physical activity patterns throughout the day
Obese participants appeared less active than non-obese individuals at every time point during the week and at most times during the weekend. Non-obese individuals were 31% more active than obese participants averaged through the work hours (7 am to 5 pm). However, during the lunch break (12.00 ± 1.00 pm) this difference increased to 92%, due almost entirely to increased activity of the non-obese participants. In the evening period, non-obese participants were 56% more active than the obese, the major difference occurring between 6.00 and 8.00 pm. During the weekend, non-obese participants were on average twice as active as Figure 1 Differences in physical activity on a weekday showing interaction between gender and obesity category.
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the obese (103%), with the largest differences occurring during the ®rst part of the day rather than the evening. A very similar pattern of activity was seen for time spent in activity of at least moderate intensity. During the week (Figure 3a ) the non-obese spent more time in moderate or greater intensity activity than the obese for the greater part of the day, with the difference most pronounced during the lunch break and early evening. During the weekend ( Figure   3b ) less time was spent in activity of moderate or greater intensity by both groups, but once again the obese were consistently less vigorously active than the non-obese.
Discussion
A secular decrease in energy expenditure is seen to be a major cause of the recent increase in overweight and Physical activity patterns AR Cooper et al obesity. Patterns of physical activity and also of sedentary living appear to play an important role in long-term weight regulation. However, suf®ciently reliable and sensitive means of describing such patterns have only recently become available. As with dietary recall, physical activity self-report may be even less reliable in the overweight and obese, masking any real differences. In this paper we have used minute-by-minute accelerometry over a period of 7 Figure 3 (a) Mean minutes per hour of at least moderate intensity activity for obese vs non-obese participants during the week. (b) Mean minutes per hour of at least moderate intensity activity for obese vs non-obese participants during the weekend.
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AR Cooper et al days to investigate the activity volume and patterns of normal-weight, overweight and obese working adults during the working week and at the weekend.
Comparison of overall activity levels and hour-by-hour patterns showed no signi®cant differences between normal and overweight participants. This evidence does not support prospective studies that indicate that higher levels of activity help attenuate weight gain. However, it is possible that only small increments in activity over a long period are required to maintain weight and the assessment time period in this investigation may have been too short, or the interindividual variance too great, to allow any discriminatory differences between normal and overweight individuals to be identi®ed.
The obese participants in this study were consistently less active than their non-obese counterparts. These differences were seen for the total volume of activity, the amount of time spent in activity of at least moderate intensity and during almost all time segments during the week and weekend. While at work, these differences were not signi®cant, although there was some indication that non-obese individuals use their lunchtimes to be more active whereas the obese generally do not. Similarly, during the evenings the obese group were signi®cantly less active than the nonobese. This is a period when sedentary pursuits such as TV watching are likely to be more in¯uential on behaviour patterns. Similarly, during weekends, when more free choice is available, the obese group were signi®cantly less active than the non-obese. For both groups, activity was greatest in the morning, but the obese participants became active some 2 ± 4 h later in the day than the nonobese. In both groups activity levels tailed off towards the evening, although this was most marked in the non-obese.
Together, the evidence from these activity pattern data support the view that obese individuals, when not constrained by the demands of work, are less likely to use their free time in an active mode. However, accelerometry provides no information about which activities are being carried out at any time, and further studies are required using accelerometry in combination with methods such as diaries to more fully describe activity patterns.
The accelerometers also identi®ed marked gender differences in activity patterns. Overall, females were generally less active than the males and were signi®cantly less active during weekdays and the working hours, although all participants were occupied in similar desk-based occupations, and the reasons for this difference are unclear. Nonobese males were consistently more active than non-obese or obese females, but, in contrast, obese men were much less active than normal, overweight or obese women. This interaction suggests that degree of sedentariness might be a particularly salient lifestyle factor in maintaining or increasing obesity in males, although it is important to note that this study was not designed to identify a causative relationship between activity level and development of obesity. No measure of caloric intake or direct estimates of energy expenditure were made in this study and therefore the dynamics of energy balance could not be determined. In addition, since the number of obese participants was small and activity variance large, further studies are required to clarify the relationship between gender, activity level and obesity. Nonetheless, these ®ndings suggest that there is scope for increasing the activity of obese middleaged males, a population identi®ed as being at highest risk for cardiovascular disease.
The availability of count ranges for the CSA accelerometer that correspond to intensity categories enables the proportion of individuals who meet current public health recommendations (Pate et al, 1995) to be determined. In this population approximately one-®fth of the non-obese participants and two ®fths of the obese failed to accumulate at least 30 min of moderate intensity activity on ®ve or more days of the week. Since the obese individuals in this study were volunteers and willing to engage in a study on activity patterns, non-volunteers might be less active, raising the possibility that in the general population differences in activity may be greater. However, the sampling procedure may also have attracted normal and overweight individuals who are more active than normal.
Accelerometers provide a valuable means of measuring physical activity levels and patterns in free-living populations, offering an objective adjunct or alternative to diaries and recall instruments typically used in this area of work. The uni-axial accelerometers used in this study are unobtrusive, ®t easily under outer clothing and participants ®nd them manageable across periods of several days. They allow informative group comparisons of physical activity volume, but also offer a means of assessing individual activity pro®les. Such data is valuable for assisting in the design of interventions to increase physical activity, for tailoring individual exercise prescription, and for evaluation of the effectiveness of such interventions.
However there are a number of limitations to their use. As described previously, accelerometers are unable to record activity mode and current versions must be used in combination with physical activity diaries or logs to record the types of activity that have taken place. Further, accelerometers provide a valid measure for activities such as walking or jogging, but do not accurately estimate activities such as cycling or upper body exercises. In addition, the instruments are not waterproof, and must be removed prior to swimming or other water sports. The failure to accurately measure these activities will lead to underestimates of the activity of individuals who regularly participate in such exercise. In the analysis of accelerometer data, raw counts provide an estimate of activity volume; however, categorization of activity intensity or estimates of energy expenditure rely on further validation studies. Intensity cutoff points and prediction equations for energy expenditure (kcal min 71 ) for the CSA accelerometer have been determined in young adults (Melanson and Freedson, 1995; Freedson et al, 1998) , but no such values have been derived for older adults or the obese. The prediction equations derived from treadmill protocols in these studies may overestimate energy expenditure under free-living conditions (Gordon et al, 1999) , and appropriate alternative equations have yet to be determined.
Despite these limitations, accelerometry provides a promising means of physical activity measurement, particularly in the obese whose primary mode of activity is walking. The integration of heart-rate monitoring and accelerometry (Rennie et al, 2000) has potential for more accurately measuring activities such as cycling, and the development of effective physical activity diaries may overcome the problem of identifying exercise mode. Similarly further validation studies in de®ned populations will improve energy expenditure assessment using such instruments. Once this has been achieved, then more insight into the contribution of movement differences to energy balance among different fatness groups will be possible.
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